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Abstract
Developments towards higher resolution and the ability to detect small defects
are bringing a step-change in non-destructive testing. This paper presents a
new method for increasing resolution, using a focused electromagnetic acoustic
transducer (EMAT) optimised to generate Rayleigh waves at 2 MHz. This
high frequency allows detection of mm-depth defects, and the focusing allows
sizing of much shorter defects than is possible when using standard EMATs.
The focusing behaviour and the aperture angle eect are analysed using laser
vibrometry and nite element modeling, showing that a reduced aperture shifts
the focal point from the designed value and increases the focal depth. The
dual-EMAT has excellent signal to noise ratio (up to 30 dB) and has been used
in single shot mode to image a variety of surface-breaking defects, including
detecting and positioning a pair of real defects in an aluminium billet sample,
and a machined defect of 2 mm length, 0.2 mm width, and 1.5 mm depth, giving
an upper limit on the defect length of 2.10.5 mm. The results can be used to
design an EMAT with optimised focal behaviour for defect detection.
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1. Introduction
Non-destructive testing (NDT) and structural health monitoring are essen-
tial research areas for industry, with their importance steadily growing as the
current infrastructure ages. A 2012 study highlighted required areas of growth,
producing a 20-year vision for the eld which stressed the importance of increas-
ing sensitivity, with the ability to detect smaller defects and their precursors
one of the main requirements of industry [1]. Ultrasonic inspection is one of
the fundamental techniques in NDT [2{6]. Non-contact ultrasonic techniques,
including laser ultrasonics and electromagnetic acoustic transducers (EMATs),
are becoming more widely accepted [4]. These are inecient when compared to
piezoelectric transducers, but this can be mitigated by their lack of requirement
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for couplant and the ability to operate in harsh environments out of contact
with the sample [3, 7{9].
Surface-breaking defects such as stress corrosion cracking [10] in pipework
and rolling contact fatigue (RCF) [9, 11, 12] on railway tracks can be charac-
terised using surface acoustic waves [2, 3, 9, 12{15]. Early stage detection of
RCF requires sensitivity down to around 0.5 mm depth [16]. Rayleigh waves
propagate predominantly within one wavelength of the sample surface [2], hence
the sensitivity is dependent on the frequency used for inspection. The lateral
resolution is dominated by the lateral extent of the plane waves generated.
Transducers typically used in industry have a large beam prole, limiting
the size of defect that can be resolved when using surface-wave techniques.
However, if a focused transducer is used, a narrower beam prole and increased
signal strength at the focal point is achieved and this can be optimised for
defect detection. Rayleigh wave focusing has previously been implemented using
shaped piezoelectric elements [18] and with piezoelectric phased arrays [17, 19].
The arrays allow for variable focusing, unlike the single shaped element which
has a xed focal point, but the arrays are costly and complex. Piezoelectric
focused transducers have been produced with a beam width of 1.2 mm [18], while
phased arrays have been used to identify holes drilled through an aluminium
sample with diameters of 2 and 1 mm [19].
The use of non-contact ultrasonic methods for generating focused ultrasound
beams oers many advantages in terms of implementation of inspection, despite
the reduced eciency of the techniques. The use of optics with laser ultrasound
can give a ring shaped beam, which when incident on a sample surface creates
an inward traveling wave that becomes focused at the ring center. This focused
point has much higher intensity than is possible with a direct incidence laser
beam while staying in the thermoelastic (non-destructive) regime of laser gen-
eration [20{22]. A ring focused beam has been used to detect a 1 mm deep,
0.1 mm width, electro-discharge machined (EDM) slot in aluminium, but this
measurement required the defect length to be larger than the ring diameter [21].
Sample surface deposits or screens can also be employed to shape the laser foot-
print on the sample surface, changing the frequency bandwidth of the generated
ultrasound waves and creating a focus [23{25]. However, lasers are not always
viable for regular machine testing in a factory setting due to their high costs
and potentially serious safety implications.
EMATs are a robust and inexpensive alternative, free of the safety hazards
of the laser generation techniques [4]. They can work without direct physical
contact to the samples, with no coupling gel required, allowing them to be
utilised in a variety of situations where standard piezoelectric ultrasonics are
not viable, such as on moving, hot, rough, or rusted surfaces [3, 7{9]. EMATs as
generators consist in their simplest form as a coil of wire through which a current
is pulsed [4]. This current creates an alternating magnetic eld around the coil
elements which, when close to a conductive sample, creates a corresponding
alternating Lorentz force on the sample's delocalised electrons. These electrons
consequently start to oscillate, and the momentum transfer by elastic collision
causes their parent ions to move with them. The method can be enhanced
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by the presence of a permanent magnet above the coil. The conguration of
the magnetic eld direction and the coil shape alters the wavemodes that are
generated. EMAT detection works similarly, however it is more ecient than
the generation method as it detects the velocity of the electrons themselves
rather than the ions [33]. The presence of a permanent magnet is a necessity
for detection.
The majority of previous work on focused EMAT techniques have concen-
trated on shear wave generation [4{6, 26, 27]. A straight meander line EMAT
can generate shear waves which propagate into the sample bulk, and varying
the meander spacings causes constructive interference of the beam to form a
focal line [4, 6]. Curving this design adds a geometric focus for constructive
interference at a point location, and this has been employed for detection of
slits deeper than 0.05 mm on the opposite surface of a 20 mm thick stainless
steel sample [26]. A curved EMAT design for Rayleigh waves has been sug-
gested in EMAT testing standards [28], but this has not been the focus of any
concentrated research eort to understand and improve the EMAT behaviour.
This paper details and fully characterises a focused Rayleigh wave dual-
EMAT design and demonstrates detection of a variety of machined defects and
a pair of real defects, showing high resolution surface breaking defect sizing and
detection. The eect of the aperture angle on the focus achieved is explained
and steps devised which can be used to design an optimised transducer for a
chosen focal point.
2. Method
The focused concentric dual-EMAT coil, shown in gure 1, was optimised to
generate Rayleigh waves at 2 MHz in aluminium, corresponding to a meander
line spacing of 1.5 mm. The wire used was 0.08 mm in diameter and was wound
three times through each of the meander line elements. Two separate coils
were used, nested together so that they could be used in a pseudo pulse-echo
arrangement while allowing for individual impedance matching of the coils. The
coils have dierent aperture angles (11.4 and 20.1) as they were designed to
t under the same 35 mm diameter NdFeB magnet to facilitate simple scanning
and eective alignment with only one transducer. They are individually tuned
using capacitors to create an LCR circuit with a resonant frequency of 2 MHz in
order to achieve maximum signal strength [4]. This gives a wavelength suitable
for detecting defects with depths in the mm range, while still allowing hand-
winding of the coils to give a high current density. The generation coil has a
designed radius of curvature, and hence focal point, of 50.6 mm when measured
from the back edge of the coil.
The dual-EMAT was produced to detect surface-breaking defects with high
spatial resolution, with this resolution determined by the beam width at the
focal point. In order to reliably detect a defect the beam width should be of
the order of, or smaller than, the defect length. By analogy with conventional
diraction-limited optics the theoretical focusing resolution is given by the Abbe
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Figure 1: Annotated photograph of the concentric EMAT coils. Dashed circle indicates magnet
placement.
diraction limit[29],
D =

2 sin 
(1)
where D is the minimum width,  is the wavelength of the ultrasound, and  is
the aperture angle. This predicts D = 3:8 mm for the generation EMAT.
The generation EMAT coil consists of six meanders. A seven cycle, 2 MHz,
sinusoidal tone burst was used to generate a surface wave, using an adapted
Ritec RAM-5000 pulser-receiver. Signals reected from defects return as a seven
cycle 3.5 s long wave packet, and therefore if no signal processing is used the
spatial resolution of the technique is limited. However, simple signal process-
ing techniques can be used to extract the wave packet peak to allow accurate
position measurements.
To extract the peak of the wave packet in an automated manner, a synthetic
signal G with its real component designed to match the generated signal was
created:
G = e
 (t t0)2
2a2 e2if(t t0) (2)
where f is the frequency, t0 is the time oset, and a is the bandwidth of the signal
in the time domain. The values were set to match those contained in the real
output signal (a=1 s, f=2 MHz, t0=20 s). This synthetic signal was cross-
correlated with the detected waveforms and the absolute value squared returned,
giving the signal power of the wave packet (eectively measuring the peak in
the wave envelope), making it possible to nd the maximum peak position to
a good degree of accuracy. The cross-correlation process also takes advantage
of data from all seven cycles of the detected wave as it compares the shape of
the full signal packet with G, increasing the accuracy of the peak characteristics
found, and reducing noise which has dierent frequency content.
To illustrate the eect this processing has, gure 2 shows an unprocessed,
and a processed, A line scan detected by the dual-EMAT when aligned with the
focal point at the center of the largest defect used in this study (see the 20 mm
length angled defect outlined in table 1 and gure 3. The reection from the
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Figure 2: a) Single shot voltage data detected by the EMAT, showing a reection at the focal
point from a large defect. The only processing is amplication and a 0.8-5 MHz bandpass
hard lter. b) Shows the same data after cross-correlation with a synthetic signal designed to
mimic the generation EMAT output, extracting the signal wave packet.
defect can be seen at just after 30 s.The same processing was performed on all
the data presented in this work including models, and all of the EMAT detected
signals are single shot; no averaging was required due to the high signal to noise
ratio (SNR) obtained following EMAT optimisation.
To study the beam prole and the focusing of the generation EMAT, the
out-of-plane surface displacement generated on a 21 mm thick aluminium block
was recorded using a laser vibrometer with a spot size of 250 m, a spatial
resolution of 0.5 mm and a recording time resolution of 0.1 s. As the recording
time resolution is low with respect to the 2 MHz wave period (0.5 s), and the
spatial resolution is also low with respect to the wavelength (1.5 mm), hence 128
averages were used to gain a clear image. A numerical simulation was set up us-
ing a three dimensional nite element (FE) model implemented in the software
package PZFlex. The model was set to have a depth of 10 mm (approximately
7 ) with the bottom surface boundary condition dened as absorbing in or-
der to best approximate the Rayleigh wave limit of the Rayleigh-Lamb wave
dispersion relations [2]. Hexahedron elements of side-length 65 m were used
with approximately 23 elements per wavelength, chosen to reduce the artifacts
of numerical dispersion caused by higher harmonics in the signal. The same
model set up was further employed to nd the beam prole dependence on the
aperture angle of the coils. The aperture eect was studied experimentally by
measuring the amplitude of the generated signals along the focal axis when using
either the generator coil (11.4 aperture), or the detector coil (20.1 aperture)
to generate the signals. A two-wave mixer interferometer was used instead of
the laser vibrometer for these nal two scans to improve the SNR.
Defect detection requires scanning of the dual-EMAT along / across a sam-
ple. The presence of a defect or sample edge is shown by the detection of
reections when it is within the focal length of the transducer. The top 5 mm
of the aluminium sample was machined o prior to testing to remove the layer
of material with potential inhomogeneity in the crystallographic texture which
is often found in extruded aluminium samples [30]. Five dierent defects in
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Defect Type Depth Width Length
Angled 5 mm 3 mm
5 mm
10 mm
20 mm
Slot 1.5 mm 0.2 mm 2 mm
Real 2.7 - 52 mm 3 mm 64 mm
Table 1: Machined defect sizes.
aluminium samples were characterised using the dual-EMAT, with the defect
properties summarised in table 1. Cross-sections of the angled and slot defect
types are shown in gure 3(b) and (c). These were produced using electro-
discharge machining (angled defects) and laser micro-machining (slot defect).
Figure 3: (a) Bird's eye view of sample scanning set up, (b) cross-section of a machined angled
defect, (c) cross-section of a laser-micromachined slot defect.
Figure 3(a) shows the schematic for scanning the EMAT either along the
focal axis towards a defect or sample edge (dotted horizontal line), or in the
transverse direction (arrow). The edge of a large rectangular aluminium sample
was used as an innite depth defect to characterise the focus of the dual-EMAT
by nding the point at which the maximum reected signal (following signal
processing) was returned for scans towards the sample edge, along the focusing
axis. Defect detection along both scan directions was done, with transverse
scans aiming to have the focal axis at the optimum distance from the defect,
oriented with the focus towards the defect, as shown in gure 3(a). A real
defect in an aluminium billet was also tested. Figure 4 shows a photograph of
the sample, which has had part of the surface machined to give an approximately
at surface for testing. The depths of the cracks were measured previously using
the alternating current potential drop (ACPD [32]) technique and are shown in
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gure 5 [31]. In all defect scans an automated X-Y stage was used to scan the
dual-EMAT with a step size of 0.25 mm, except for the nal scan of the real
defect which was performed by hand in 1 mm increments.
Figure 4: Photographs of an aluminium billet containing two overlapping, real, surface break-
ing defects. UK 10p coin, 24.5 mm diameter, shown for size.
Figure 5: ACPD measured depths of the defects shown in gure 4, data originally from S.
Dixon et al [31].
3. Results and Discussion
The beam prole generated by the EMAT is shown in gure 6(a). This plot
was created by summing the cross-correlated data from each spatial element in
the scan over time for 50 s, such that regions where the beam passes through
appear as bright areas on the gure. The noise speckles in the measured data
are due to artifacts of the laser vibrometer setup caused by low reectivity at
certain locations, and the beam is at a slight angle to the horizontal due to a
slight error in alignment of the coils with the scan horizontal direction. Note that
the cylindrical magnet which forms part of the EMAT can be clearly seen; at
these locations the vibrometer is unable to measure the ultrasound propagating
within the sample, but instead gives a spurious reading due to the change in
height. The out-of-plane displacement of the surface elements given by the FE
model was analysed using the same methods as the vibrometer data, and the
time summed signal power of the simulated data is shown in gure 6(b). The
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Figure 6: (a) 2D laser vibrometer scan of the surface of an aluminium block (0.5 mm spatial
resolution). (b) FE model of the scan, (c) FE model of a linear EMAT coil. The grey scale
shows normalised signal power (linear scaling from 0 to 1) after summation over 50 s of time.
model allows measurement of waves underneath and behind the transducer,
and the bright regions corresponding to coil positions and a small amplitude
backwards travelling wave are just visible on the plot.
The expected focusing eect of the transducer is clear in both experiment and
model, with the signal amplitude converging towards the focal point, reaching a
maximum and then diverging, clearly distinct to unfocused designs, an example
of which has been modelled in gure 6(c). However, the measured focal points
were not as expected, found to be at 43 mm for the vibrometer data, and
40 mm for the FE model, with an error of 1 mm in the experimental data
due to the placement and alignment of the EMAT. The unfocused design does
have some variation in beam shape due to the near-eld eects, but its beam
width at a distance of 50 mm from the generation coil is approximately the
same as the linear coil width. The variation in signal strength is also dierent;
the focused coil has a signal strength at the focal point which is much stronger
than the initial signal at the generation point, whereas the linear design has
a signal strength which remains similar throughout the beam (note that all
are normalised to the maximum signal). This shows that the focused design
creates a much strong signal at its focal point as well as the tighter beam prole
required.
Figure 7 shows the directivity of the signals at distances of radius 43 and
50 mm from a position at the centre of the back of the generation coil, measured
Figure 7: Directivity (polar amplitude distribution) in dB from laser vibrometer scan data.
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Figure 8: The position of the focus was detected with an EMAT detector (velocity measure-
ment) and a laser vibrometer (displacement measurement) which was also simulated with FE
modelling (displacement modelled). The focal point for each is set as zero displacement.
using the laser vibrometer. The side lobes are about 10 dB weaker than the main
beam and of similar order to the noise. These side lobes are distinguishable in
the beam prole for the simulated data (gure 6(b)). The focus is tight at
both measurement positions (shown by the angular extent in gure 7). The
results suggest that the peak signal is occurring slightly earlier than designed
(50.6 mm).
The signal amplitude as a function of displacement along the focusing axis
is shown in Fig. 8 for the FE model, the vibrometer data, and for scanning
the compound EMAT towards the sample edge along the focusing axis. The
focal point for each measurement is set to be at zero on the x-axis and the
approximate tted peak values are normalised to 1 for comparison. The fo-
cused acoustic beam prole from the centerline of the vibrometer detected data
(EMAT-laser), and the modeled results (FE Model) do not take into account the
focusing of the detector coil and so their values are squared to assume an iden-
tical focusing beam prole. It is important to note that the EMAT-EMAT data
gives a velocity measurement [33], whereas the FE model and EMAT-laser data
give out-of-plane displacements. However, no signicant dierences were seen in
focal position for FE models calculating velocity compared to the displacement
models. The expected focusing is clearly observed and the data proles are in
excellent agreement, although the simulated data underestimates the attenua-
tion over longer distances as it neglects the true material attenuation.
The measured focal point of the dual-EMAT was 51 mm (close to the de-
signed focal length, with an approximate alignment error of 1 mm). The
shorter focal length found in the model and the vibrometer data (gure 6) is
because the generation coil has a relatively small aperture angle, dened as half
of the angular extent of the coil (gure 1), which reduces the focusing eect.
Figure 9 shows the focal oset, dened as the dierence between the designed
and calculated focal lengths, for two designed focal lengths as the aperture angle
is varied (FE model); a smaller aperture angle is shown to lead to a shorter ap-
parent focal length. The inset to gure 9 shows the modeled signal power during
a scan for several aperture angles (as in gure 8), demonstrating that smaller
apertures focus closer to the EMAT but have a longer focal depth, while larger
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Figure 9: FE models of focal point variation with aperture angle designed for focal lengths of
41 mm and 51 mm. Inset: signals for coils of varied aperture angles and designed focal length
51 mm.
Figure 10: Laser-EMAT B-scan of an aluminium block sample surface for generation using
(a) 11 aperture coil, and (b) 20 aperture coil. The rst three positions show noise only as
the laser beam was over the magnet.
apertures focus nearer to the designed focal point with a shorter focal depth.
The aperture eect is conrmed by measurements using each of the EMAT
coils in turn to generate a signal. Figure 10 shows B-scans obtained using a two-
wave mixer interferometer for detection to improve signal to noise ratio. The
signal after processing is shown as a function of time and position, with signal
amplitude given by the colour scale. The results agree well with the FE model
data; the smaller aperture coil has a focal point at 43 mm, in agreement with
the laser vibrometer scan, with a large focal depth. The larger aperture coil,
used in the dual-EMAT scans as the detector, shows a focal point of 51 mm with
a much narrower focus when used to generate ultrasound, in closer agreement
with the coil design. The focusing behaviour of this detection EMAT dominates
the achieved focal point in the dual-EMAT measurements due to its shallower
focal depth.
An example B scan produced by scanning the dual-EMAT along the focal
axis towards the 20 mm length angled defect is shown in gure 11; the bright
regions represent the reected wave arrival time as the EMATmoves towards the
defect. The maximum signal is returned when the back edge of the generation
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coil is 501 mm away from the start of the defect opening on the surface, in
agreement with the measured focal length of the EMAT. The same maximum
position was found for all three angled defects. The horizontal position of a
defect can be found by looking for the position at which the reected signal is
largest, and for a known ultrasound velocity the time of ight can be used to
check the positioning.
Figure 11: B-scan results from the 20 mm length defect, characterised in gure 3. Scanning
was along the focal axis. Grey scale shows relative signal power.
The transverse scan results from the angled defects are shown in gure 12 as
B-scans, for the set-up described in gure 3. The scan was made transversely
across the sample at a distance of one focal length from the defects to assess
the potential for measuring the defect length. As the defect remains at a xed
position relative to the dual-EMAT the wave arrival time is now constant. SNR
was high (30 dB) even when working in single shot.
The maximum signal amplitude within the expected arrival time window
was found for each EMAT position with results plotted in gure 13. Dashed
lines show the actual edges of each defect, and the measurements show a clear
correspondence with defect size. The EMAT focal point has a nite width
of 3 mm, and hence there is some transitional behaviour around the defect
edges where only part of the focal point is incident on the defect and reected
amplitudes are reduced. This causes a rising slope at both sides of all the
defects and sizing needs to take account of this. The variation in peak signal
strength once the beam is fully incident on the defects is thought to be due to
inconsistencies in the inner surface of the defects changing their reectivity, i.e.
showing the eect of surface roughness.
The extent of the rising slopes makes it dicult to pin-point the defect
lengths exactly. However, gure 13 shows that it is possible to approximate
the defect edge positions by taking the defect extents to be positioned where
the signal reaches a set fraction of the maximum reected signal during the
scan. Taking this percentage as 50% of the maximum signal gives length mea-
surements of 17.9, 9.4, and 4.1 mm for the 20, 10, and 5 mm length defects
respectively. This underestimates the defect lengths slightly, suggesting that a
lower percentage of the peak signal should be used for measuring the lengths.
Figure 14 shows how the measured length depends on the percentage used for
analysis. Experimentally, a level of 0.3 (or 30%) returns the most accurate
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Figure 12: Transverse scans of the angled defects as detailed in gure 3, with lengths of : (a)
20 mm, (b) 10 mm, and (c) 5 mm. Grey scale shows relative signal power.
Figure 13: A comparison plot of the maximum returned signal from each position in the
transverse scans of the wedge defects outlined in gure 3, with the dashed lines indicating the
actual defect positions.
length measurements for all three defects. The relationship between measured
length and percentage is approximately linear between 10% and 60% of the
maximum signal obtained, and this was used to produce an error by considering
measurements within 10% of the chosen level. This gives length measurements
of 200.8 mm, 100.4 mm, and 50.5 mm.
Figure 14: The defect length measurement's dependence on the signal level used to indicate
the presence of a defect. Dashed lines indicate actual defect lengths.
The data from the transverse scan of the laser micro-machined slot defect
(2 mm long, 1.5 mm deep) is shown in gure 15. This defect is smaller than
the focal size and hence some of the Rayleigh wave is transmitted around and
underneath the defect, giving a smaller SNR. The weaker, constant arrival time
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Figure 15: Transverse scan results of the micro-machined slot defect.
(vertical) signals are signals generated within the NdFeB magnet and its nickel
coating, which can be signicantly reduced by using improved shielding between
coil and magnet. Figure 16 shows the maximum signal found at each position
from the scan in gure 15. The previous data indicates that a level of 30% of
the maximum signal should give the best length measurement, however, as this
defect was considerably smaller than the previous ones tested, and is in fact
smaller than the beam width of the ultrasound signal, it returns a much weaker
signal. In this case a level of 30% of the peak signal would put the measurement
in the background noise. The length of the main signal at a level just above
that of the noise, measured at 35% of the maximum signal, gives a defect length
of 2:1 0:5 mm, giving an upper bound on the size of the defect.
Figure 16: The maximum returned signal at each spatial position from the data in gure 15.
The real defect in an aluminium billet (gures 4 and 5) was also scanned,
with gure 17 showing results from a transverse scan. The smaller defect section
was set to be approximately at the focal distance from the dual-EMAT. The
geometry of the defect on the surface can be seen by the varied times of arrival.
The real defect has a much rougher inner surface than the simulated defects
used throughout this work, hence the low signal strengths at certain positions.
4. Conclusions
The new focused Rayleigh wave dual-EMAT has been fully characterised.
The strongest side lobes of the generated Rayleigh wave are approximately 10 dB
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Figure 17: Transverse scan results of the real defect (gure 4).
below the main beam near the focal point, giving a well-focused illumination
signal with a minimum beam width at the focal point of 3.0  0.5 mm. A
narrower coil aperture was found to increase the focal depth but give a shorter
focal point distance. Optimisation techniques have been used in the design and
construction to enable single shot operation. The dual-EMAT has been used
for fast scanning of aluminium samples, with a typical SNR of 30 dB. A length
measurement accuracy of 0.8 mm was found on machined 25 angled defects,
with a cut-o signal level of 30% of the maximum signal during the B-scan
giving the best length accuracy. A laser-micro-machined slot defect of length
2 mm, width 0.2 mm, and depth 1.5 mm was accurately detected to show the
resolution potential.
While having a defect at the focal point returns the strongest signal, the
relatively long focal depth (21 mm) of the generation coil means defects not
precisely at the focal point will still return appreciable signals. Defects can
then be pin-pointed by using time of ight measurements or a more detailed
2D raster scan of the sample. As such, reduction of the focal depth is unlikely
to greatly enhance defect detection in typical industrial applications. It is,
however, possible to optimise the EMAT coils for specic focusing characteristics
depending on the application requirements and the focal properties required.
Improvements to the EMAT design can be made using knowledge of the aperture
eect, ensuring that the smaller generation coil has a focal point equal to that of
the detection coil, while keeping both coils small enough to sit under the same
magnet without signicantly increasing transducer size.
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